ABSTRACT Using scanning electron microscope, eight types of sensilla were found on the antennae of all castes in eight Bombus species (Hymenoptera: Apidae) collected in Jilin Province, China. The numbers of various types of antennal sensilla were analyzed by rough set data analysis method to determine which sensillum type might be useful in species and caste discrimination. The results showed that the number of sensilla basiconica A, B (s. t. a, s. t. b), sensilla trichodea A, B, C/ D (s. t. a, s. t. b, s. t. c/ d) and sensilla placodea (s. p) can be used in species discrimination, whereas only types s. t. a, s. t. b, and s. t. b are relevant in caste discrimination. Other types of sensilla had a lower taxonomic value for species and caste discrimination. This study provides a mathematic reference for the function research of antennal sensilla of Bombus determined by single-cell recording at both peripheral and antennal lobe (central nervous system) levels.
Rough set, proposed by the Polish mathematician Z. Pawlak in 1982, is a new mathematical theory used to analyze incomplete, uncertain data. It is not required to provide any a priori information outside of the needed data set; this method is different from the statistical method, the fuzzy set method, the evidence theory method, and other theories dealing with uncertainty signiÞcantly. In a short time since 1993, when it was recognized internationally, this theory had been successful in many applications because of its strong practicality. Rough set for artiÞcial intelligence and cognitive science seems to be very important, especially in machine learning, knowledge acquisition, decision analysis, knowledge discovery in databases, expert systems, decision support systems, inductive reasoning, summed up the contradictions, pattern recognition, fuzzy control, and other aspects of the application (Teghem and Charlet 1992 , Arima et al. 1995 , Deja 1995 , Golan and Ziarko 1995 , Yasdi 1995 , Mrozek et al. 1996 , Sienkiewicz 1996 , Tsumoto 1996 . However, there are only a limited number of reports on the application of this method in insect taxonomy (Du et al. 2006) .
Bumblebees (genus Bombus) consist of Ϸ38 subgenera (Williams et al. 2008) , of which Bombus and Psithyrus are the two largest subgenera. Bumblebees are eusocial and have three castes: queens, workers, and drones. The subgenus Psithyrus consists of social parasites of other Bombus species, lacks the worker caste, and the queen usurps cells of Bombus species (Thorp et al. 1983 , Weerathep 2000 .
Several comparative studies have reported the antennal sensilla of bumblebees and other Apoidea. For example, Wcislo (1995) reported the morphology and sensilla of antennae of 114 Apoidea species, including Bombus morrisoni Cresson. Ågren and Hallberg (1996) found nine types of antennal sensilla in the male of 12 species of bumble bees in the United States and Sweden by using scanning and transmission electron microscopy. Ågren (1977, 1978, 1982) studied the ßagellar sensilla of some Colletidae, Andrenidae, and Halictidae. Ahmad (2006) carried out scanning electron microscopic studies on antennal sensilla organs of adult honey bee workers in the genus Apis.
In this study, the antennal sensilla of eight Bombus species in Jilin Province, China, were studied using scanning electron microscopy. The numbers of different types of antennal sensilla were analyzed with rough set method to determine which sensilla types might be the important for species and caste discrimination. This study provides a mathematic reference for the function research of antennal sensilla of Bombus determined by single-cell recording at both peripheral and antennal lobe (central nervous system) levels. 80, 85, 90 , and 100% in each case for 1 h. Three pairs of antennae of each species were mounted on the ventral or dorsal side on a sticky tape and were then sputter coated with gold/palladium. The specimens were examined in a Hitachi S-570 scanning electron microscope set at 20 kV. Micrographs were taken of the antennae, antennomeres, and sensilla.
Materials and Methods

Observation of Antennal Sensilla. Bombus ignitus
Calculation of Structural Parameters. We adopted the terminology of sensilla types as described in Ågren and Hallberg (1996) To determine which condition attribute was the most important, a description accuracy of all condition attributes was obtained Þrst. Then, the change of the description accuracy was calculated when condition attributes were removed. If one condition attribute was important, it may have led to major change; alternatively, it may have not led to little change of the decision attribute.
Discretization of Condition Attributes. The continuous values must be discretized when making the rough set analysis. In this study, we used the discretized clustering method. Suppose the number of the value of condition attributes was n, and the value of one attribute was i, so the distance of adjacent value
the distance variance of adjacent value is 
When the distance of two adjacent values is larger enough than the average distance or distance variance, these two values are the boundaries of the two sensilla types. The results of discretizaion were showed in Table 2 . The class distance is Max ͕2d , s͖.
Rough Set Analysis. To analyze the importance of condition attribute, we used Matlab language to write the corresponding program.
Results
Type and Number of Antennal Sensilla of Bombus.
The types of antennal sensilla found in the eight studied species of Bombus are described as follows.
Sensilla trichodea A (s. t. a). is blunt-tipped, from
18.2 Ϯ 3.4 to 30.1 Ϯ 5.6 m in length, 2.8 Ϯ 0.4 m in diameter at base, has smooth surface and is curved toward the antennal shaft, and tapers distally. The diameter of the socket is 5.8 Ϯ 1.0 m (Fig. 1 ). 2. Sensilla trichodea B (s. t. b) is also blunt-tipped, 15.1 Ϯ 4.5 m in length, 1.5 Ϯ 0.3 m in diameter at base, has strong longitudinal grooves, and is curved toward the antennal shaft and surface. It has a smaller conical basal socket, and its diameter is shorter (3.5 Ϯ 0.8 m) than s. t. a (Fig. 2) . 3. Sensilla trichodea C/ D (s. t. c/d) is sharp-tipped, 25.4 Ϯ 1.5 m in length, 2.4 Ϯ 0.1 m in diameter, has longitudinal veins, and is perpendicularly oriented to the antennal surface (Fig. 3) . Few sensilla of this type are much longer, reaching 87.4 Ϯ 9.6 m in length; the diameter of the base of this sensilla is 4.4 Ϯ 0.8 m (Fig. 4) . 4. Sensilla basiconica A (s. b. a) is sharp-tipped, 11.3 Ϯ 1.9 m in length, has a wrinkled surface, and is curved toward the antennal shaft. The diameter at base and basal socket is 2.2 Ϯ 0.3 and 4.2 Ϯ 0.8 m, respectively (Fig. 5) . 5. Sensilla basiconica B (s. b. b) is stout, 12.9 Ϯ 2.4 m in length, and 3.3 Ϯ 0.5 m in diameter. The basal sockets are orbicular with 6.2 Ϯ 1.1 m in diameter. These straight, smooth-walled blunt tipped pegs are found from the third to the last ßagellomere of the antenna of the female (queens and workers). This type of sensilla is absent in the male antenna (Fig. 6 ). 6. Sensilla placodea (s. p) is an oval to nearly circular disc, which have a wide border with some weak striae extending to the center of the disc, when oval, the longest dimension is parallel to the long axis of the antennae. It is 11.6 Ϯ 1.0 m in length and 8.7 Ϯ 0.1 m in width (Fig. 7) . 7. BohmÕs bristles (b. r), as a dense group, are shorter than sensilla trichodea and thinner than sensilla basiconica. They are smooth, lack basal socket, and are mostly vertically oriented to the surface of the cuticle (Fig. 8 ). 8. Sensilla coeloconica (s. c) is hole-like structure, oval-shaped, and found in the surface of cuticle. Its diameter is 1.4 Ϯ 0.1 m (Fig. 9 ).
The total number of each type of antennal sensilla found on each caste of the eight bumblebee species are shown in Table 3 .
Rough Set Analysis of Antennal Sensilla in Species Discrimination. Table 4 shows the description accuracy of knowledge system when one attribute was removed and the degree of importance of the corresponding attribute with the species as the decision attribute. The last column in Table 4 shows the description accuracy of knowledge system when no attributes were removed. The degrees of importance of b. r and s. c were zeros, so these two attributes were reduced (but not at the same time). To reduce the attribute whose importance degree is zero more quickly, a binary attribute importance analysis was adopted. Namely, the binary matrices were formed when two attributes were removed simultaneously. If the degree of importance of these pair of attributes increased signiÞcantly, it illustrated that these two attributes were more important. When the values in column i, row j and row i, column j were zeros at the same time, we called "zero element transposition symmetry," and these pair of attributes can be reduced. This method can accelerate the reduction speed to Þnd the nuclear of the knowledge representation system. Table 5 shows the results of a binary attribute signiÞcance analysis of the knowledge representation system. The values in row i and column j on behalf of the corresponding importance degree when we Þrstly delete attribute i and then delete attribute j; "Ϫ1" indicated meaningless. The last column on behalf of the results when only attribute i was deleted. It can be seen from Table 5 , the value in row b. r, column s. c and row s. c, column b. r were both zero, with transpose symmetry, indicating b. r and s. c can be deleted simultaneously. Table 6 shows the results of the secondary binary attributes importance analysis of the expression knowledge system when b. r and s. c were removed. It had no zero value in the table, indicating that the remaining six condition attributes are the nuclear of the knowledge representation system. The order of the importance degree of these six condition attributes is: (Fig. 10) .
Rough Set Analysis of Antennal Sensilla in Caste Discrimination. Table 7 shows the description accuracy of knowledge system after removing the condition attributes of s. t. a, s. t. b, s. t. c/d, s. b. a, s. b. b, s. p, b. r, s. c, and the degree of importance of the corresponding attributes with castes as the decision attribute. The last column shows the description accuracy of knowledge system when no attribute was removed. As it can be seen from Table  7 , the degrees of importance of condition attributes (except s. t. b and s. b. b) are all zero, indicating that any of these six attributes can be reduced (but not at the same time). To reduce the attribute whose importance degree is zero, a binary attribute signiÞcance analysis was adopted ( Table 8) . As it can be seen from Table 8 , more attributes can be removed at the same time. Table 9 shows the results of the secondary binary attributes importance analysis of the expression knowledge system when the attribute of s. t. a and b. r, whose importance degree were zero, were removed. No matter which attribute was removed Þrst, they all can be reduced. Table 9 has three pairs of zero element transposition symmetry. Because the number of zero element in column s. t. c/d and s. p is the most common, these two attributes were deleted at the same time. The results of the tertiary binary attribute signiÞ-cance analysis are shown in Table 10 . As it can be seen from this table, the columns do not longer include the zero element transposition symmetry, indicating that two of the remaining four attributes cannot be deleted at the same time. The attribute s. (Fig. 11 ).
Discussion
Our results of the rough set analysis with the decision attribute of species showed that sensilla basiconica A, B (s. t. a, s. t. b), sensilla trichodea A, B, C/D (s. t. a, s. t. b, s. t. c/d), and sensilla placodea (s. p) are important in species discrimination. Among them, the degree of importance of two types of sensilla basiconica was 44%, the degree of importance of three types of sensilla trichodea was 46%, and the degree of importance of sensilla placodea was 10%. It is clear that species speciÞcity is determined by the sensilla basiconica, sensilla trichodea, and sensilla placodea. These sensilla may perform certain species-speciÞc physiological functions or may play an important role in intraspeciÞc recognition. For example, the sensilla placodea has an olfactory function in Apis mellifera L. through the single-cell recordings (Ahmad and Ghamdi 2006) and may have a greater signiÞcance in species-speciÞc odors or pheromones. In addition, Barlin and Vinson (1981) reported that almost all of the parasitic wasps had a large number of sensilla placodea. This may be related to the speciÞc host. In this study, two clusters of BohmÕs bristles were found at the base of the antennal ßagellum of all eight Bombus species, and although they were not be reported by Ågren (1977, 1978, 1982, 1996) , their presence suggest that they may have a common function in all bumblebees species. The sensilla coeloconica has a temperature-and humidity-sensitive function, suggesting that it may not be species speciÞc. The results of the rough set analysis support such idea.
In the rough set analysis with the decision attribute of castes, the sensilla basiconica A, B (s. t. a, s. t. b) and sensilla trichodea B (s. t. b) were Þnally left out after three times of attribute reduction. Of these, the sensilla basiconica B had the highest degree of importance (74%). Ågren (1977) only found two types of sensilla basiconica on the antennae of bumblebee females, proposing that they might be related to temperature and humidity-sensitive functions. We also found two types of sensilla basiconica based on the groove diameter and external morphology. However, the sensilla basiconica A was found on the antennae of both sexes, whereas the sensilla basiconica B only on the female. The distribution of sensilla basiconica B indicates that it plays an important role in caste discrimination. The importance of sensilla trichodea B and sensilla basiconica A accounted for only 13%, respectively. These two types of sensilla also played a role in the caste discrimination. Ågren (1996) considered that sensilla trichodea B was mechanical sensilla and was more common to spread on the antennae of fe- Fig. 11 . Degree of the importance of three sensilla types (attributes) used in caste discrimination. (Ågren 1977) . According to this distribution of sensilla basiconica B and sensilla trichodea B, and the results of the rough set analysis, we speculated that these two types of sensilla have a speciÞc role in the gender-related behavior of bumblebees. Other types of sensilla had lower taxonomic value for caste discrimination due to their low degree of importance. This is the Þrst time that the taxonomic signiÞcance of the antennal sensilla was studied and their function was speculated through data mining method. Not only the degree of importance of the antennal sensilla among species and castes was compared in this study, but also using the data mining we provided a mathematic reference and guide for function studies, which previously used only insect behavior bioassay and the electrophysiological methods. Compared with other statistical methods, rough set theory is a worth indepth study and can achieve more satisfactory results in insect taxonomy, potentially in the recognition of cryptic species. This theory has the capacity of dealing with the ambiguous phenomena based on the incomplete information, so it can Þnd the hidden patterns by lowering the accuracy of the data, whereas these patterns may often overlooked when the data are too precise.
